Abstract Aims/hypothesis: The IL-1 receptor antagonist (IL-1Ra) is an anti-inflammatory cytokine known to antagonise the actions of IL-1. We have previously shown that IL-1Ra is markedly upregulated in the serum of obese patients, is correlated with BMI and insulin resistance, and is overexpressed in the white adipose tissue (WAT) of obese humans. The aim of this study was to examine the role of IL-1Ra in the regulation of glucose homeostasis in rodents. Methods: We assessed the expression of genes related to IL-1 signalling in the WAT of mice fed a high-fat diet, as well as the effect of Il1rn (the gene for IL-1Ra) deletion and treatment with IL-1Ra on glucose homeostasis in rodents. Results: We show that the expression of Il1rn and the gene encoding the inhibitory type II IL-1 receptor was upregulated in diet-induced obesity. The blood insulin:glucose ratio was significantly lower in Il1rn −/− animals, which is compatible with an increased sensitivity to insulin, reinforced by the fact that the insulin content and pancreatic islet morphology of Il1rn −/− animals were normal. In contrast, the administration of IL-1Ra to normal rats for 5 days led to a decrease in the whole-body glucose disposal due to a selective decrease in muscle-specific glucose uptake. Conclusions/interpretation: The expression of genes encoding inhibitors of IL-1 signalling is upregulated in the WAT of mice with diet-induced obesity, and IL-1Ra reduces insulin sensitivity in rats through a muscle-specific decrease in glucose uptake. These results suggest that the markedly increased levels of IL-1Ra in human obesity might contribute to the development of insulin resistance.
Introduction
Adipose tissue is an important source of cytokines and related peptides, regulating body weight homeostasis and insulin sensitivity. Increased production of TNF-α has been detected in the white adipose tissue (WAT) of different rodent models of genetic obesity and it has been speculated that TNF-α contributes to the development of insulin resistance [1] . Clinical studies have also demonstrated the overexpression of Tnf mRNA in different WAT depots of obese humans, as well as a positive correlation between Tnf expression and hyperinsulinaemia [2, 3] , in spite of normal circulating serum TNF-α levels [4, 5] . IL-6 has also been shown to be produced by human omental and subcutaneous adipose tissue [6, 7] , with serum levels positively correlated with BMI [8] . However, although serum levels of IL-6 are slightly elevated in obese patients [9, 10] , they are not increased beyond the upper limit of the physiological range. We have recently demonstrated that levels of IL-1 receptor antagonist (IL-1Ra) are nearly seven times higher in sera from obese humans [11] and that WAT contributes to the production of this cytokine [12] . We have also shown that this cytokine is overexpressed in the WAT of leptin-deficient ob/ob mice, as it is in the subcutaneous adipose tissue of obese patients [12] .
IL-1Ra antagonises the two proinflammatory cytokines IL-1α and IL-1β by inhibiting their binding to the functional type I IL-1 receptor (IL-1RI) [13] . The type II IL-1 receptor (IL-1RII) acts as a decoy receptor, inhibiting IL-1 signalling [14] . To date, the relationship between obesity and the molecules related to IL-1 signalling has not been examined. Moreover, while the anti-inflammatory role of IL-1Ra is well established, the metabolic relevance of increased serum levels of IL-1Ra observed in human obesity remains speculative, although several lines of evidence suggest that IL-1Ra favours obesity by antagonising the anorexic [11, 15] , anti-adipogenic [16, 17] and insulinsensitising effects of IL-1 [18] . Therefore, the aim of this study was to examine the effect of diet-induced obesity in mice on the expression of the genes for various components of the IL-1 signalling pathway in WAT, such as IL-1Ra, IL-1β, IL-1RI and IL-1RII. Since IL-1Ra serum levels in humans are more strongly correlated with insulin resistance than BMI [11] , we also assessed the role of IL-1Ra as a regulator of insulin sensitivity by using Il1rn (formerly known as IL-1ra) knockout mice and by administrating IL-1Ra to normal rats.
Materials and methods
Animals All experimental protocols were approved by the Cantonal Veterinary Office (Geneva, Switzerland). Tenweek-old C57BL/6J male mice, weighing approximately 25 g, were obtained from the Janvier Breeding Centre (Le Genest-Saint-Isle, France) and housed at room temperature (22°C), with a 12-h light-dark cycle and free access to water and food. After 2 weeks of acclimatisation, mice were housed individually and provided with either a standard chow diet (6.6% of energy from fat, 76.8% from carbohydrate and 16.6% from protein) or a high-fat diet (39.8% of energy from fat, 43.6% from carbohydrate and 16.6% from protein). The composition of these diets is given in Table 1 . Animals were killed after receiving standard chow or the high-fat diet for 35 weeks. Epididymal white adipose tissue (WATe) was removed and immediately frozen in liquid nitrogen for RNA preparation.
The generation of the Ilrn knockout mice by homologous recombination has been described previously [19] . These mice were backcrossed to the C57BL/6J strain mice for more than ten generations and can be regarded as genetically homogeneous. Mice were housed individually from weaning, kept under specific pathogen-free conditions in an environmentally controlled clean room at the University Medical Centre (University of Geneva), and were allowed free access to standard chow diet. These mice were killed at 36-45 weeks of age, in the morning, 3 h after food removal. After killing, blood was collected in EDTA-coated tubes, placed on ice, centrifuged, and plasma was frozen. Plasma glucose was subsequently measured by the glucose oxidase method, and plasma insulin was assessed using a previously validated RIA [20] .
For the clamp studies, 12-week-old OFA-SD wild-type male rats, weighing approximately 450 g, were obtained from Charles River Laboratories (St Germain-sur-l'Arbresle, France) and housed individually at room temperature (22°C), with a 12-h light-dark cycle and free access to water and food, before undergoing treatment with recombinant human IL-1Ra (rhIL-1Ra) (Kineret; Amgen Europe, Minervum, the Netherlands) and euglycaemic-hyperinsulinaemic clamps, as described below. Body weight and food intake, measured daily during the baseline period and rhIL1Ra treatment, are given in Table 2 .
RNA preparation and mRNA quantification Total RNA was prepared from 200 mg of WATe using the Trizol reagent (Invitrogen, Basel, Switzerland) according to the manufacturer's instructions. Total RNA (5 μg) was reversetranscribed using 800 U Moloney murine leukaemia virus reverse transcriptase (Invitrogen) in the presence of RNA sin (0.3 U/μl) (Promega Corp., Madison, WI, USA), random primers (oligo[dN] 6 , 7.5 μmol/l), dNTP (1.2 mmol/l) and dithiothreitol (12 μmol/l). Levels of transcripts of the genes encoding IL-1Ra (Il1rn), IL-1β (Il1b), IL-1RI (Il1r1), IL-1RII (Il1r2), TNF-α (Tnf), IL-6 (Il6), and of Arbp, a housekeeping gene, in the mouse were determined by quantitative real-time PCR using a LightCycler (Roche Diagnostics, Rotkreuz, Switzerland) with the DNA Master SYBR Green I or Fast Start DNA Master SYBR Green I (Roche Molecular Biochemicals, Rotkreuz, Switzerland) kits as appropriate [12] . Levels of each of the mRNAs were quantified in at least two independent LightCycler runs for each individual sample. The sequences of the primers used are shown in Table 3 .
Measurement of insulin content of pancreas For measurement of insulin content, the whole pancreas was extracted in acid-ethanol before RIA, as previously described [20] . Histological examination of pancreas and immunohistological determination of insulin The pancreases of four mice per genotype were fixed in Bouin's solution, embedded in paraffin, and sections were stained with haematoxylin/eosin or processed for immunolabelling of insulin, as previously reported [21] .
Euglycaemic-hyperinsulinaemic clamps Rats were treated for 5 days with either vehicle (154 mmol NaCl/l) or rhIL1Ra (s.c. injections of rhIL-1Ra two times per day, 6 mg/ kg), with the last injection given 1 h before the start of the experiment. Before the euglycaemic-hyperinsulinaemic clamp studies, the rats were fasted for 15 h and anaesthetised with i.p. sodium pentobarbital (55 mg/kg). The clamps were performed using a constant infusion of 3 mU insulin (Actrapid, Novo Nordisk, Bagsvaerd, Denmark) per min, and the glucose infusion rate needed to maintain normoglycaemia was determined. To measure total glucose utilisation (rate of glucose disappearance [Rd] ) and hepatic glucose production (rate of glucose appearance [Ra]), euglycaemic-hyperinsulinaemic clamps were performed with an infusion of D-[U-
14 C]glucose (1.850 MBq per rat; Amersham, Aylesbury, UK), according to the method previously described [22] . At the end of the experiment, a bolus of 2-deoxy-D- [1- 3 H]glucose (1.110 MBq per rat; Amersham) was injected intravenously to measure the in vivo insulin-stimulated glucose utilisation indices of specific tissues (muscle and adipose tissue), as previously described [23, 24] . The tibialis muscle and WATe were frozen for further analysis. tissue [23, 24] . Plasma glucose was measured by the glucose oxidase method (Glucose Analyzer 2; Beckman Coulter, Fullerton, CA, USA), and plasma insulin was quantified using a previously described RIA [25] .
Statistical analysis Results are expressed as means ± SEM. The unpaired Student's t test was used for comparison between groups of mice used in the high-fat diet experiments (n=9 animals in each group), for comparison between Il1rn −/− and wild-type mice used for glucose and insulin measurements (n=3-6 animals in each group), and for comparison between groups of rats used in the clamp experiments (n=7-8 animals in each group). These tests and linear regressions were performed with SYSTAT, version 10.01 software (SPSS, Chicago, IL, USA). A p value of less than 0.05 was considered statistically significant.
Results
Effect of a high-fat diet on expression in the WAT of genes encoding proteins involved in the IL-1 signalling pathway Mice provided with a high-fat diet for 35 weeks had a higher body weight (44.4±1.0 g) than age-matched controls Values are means ± SEM for seven to eight animals per group rhIL-1Ra-rats were treated for 5 days with two daily s.c. injections of rhIL-1Ra (6 mg/kg); controls were injected s.c. with saline (154 mmol NaCl/l) Table 3 Primer sequences used for real-time RT-PCR Gene targeted Sense Antisense
fed a standard chow diet (35.2±0.8 g). No significant variation was found in glycaemia and insulinaemia between the two groups of animals (results not shown). Using quantitative RT-PCR, we examined the expression of the genes encoding the different components of the IL-1 signalling system in the adipose tissue of mice fed on the standard chow or the high-fat diet. As shown in Fig. 1a , the expression of genes encoding inhibitors of the IL-1 signalling pathway (IL-1Ra and IL-1RII) was upregulated in the WATe of mice with diet-induced obesity (fold increase: 6.4±1.2 and 3.0±0.3 for Il1rn and Il1r2 mRNA, respectively, p<0.01). In contrast, no significant change in the expression of genes for activators of the IL-1 signalling pathway (IL-1β and IL-1RI) was detected between the WATe of obese and lean animals. For comparison, we analysed the expression of genes encoding TNF-α and IL-6, previously shown to be expressed in adipose tissue.
Indeed, when compared with those in lean mice, Tnf mRNA levels were increased by a factor of 2.0±0.4 (p<0.02) in the WATe of obese mice, while Il6 mRNA levels were not significantly altered (Fig. 1a) . Interestingly, the expression of Il1rn in WATe was strongly correlated with body weight (r 2 =0.56, p<0.0001) (Fig. 1b) , as was the expression of Il1r2 (r 2 =0.68, p<0.0001) (Fig. 1c) , while no correlations with Tnf or Il6 mRNA were found (results not shown).
Effect of Il1rn deletion (Il1rn
) on circulating levels of glucose and insulin To study the role of endogenous Il1rn in glucose homeostasis, we investigated serum glucose and insulin levels in Il1rn-deficient mice. Il1rn −/− mice had a reduced body weight compared with wild-type animals (22.4±1.1 vs 33.0±0.3 g, respectively), as has been previously reported [18] . Postprandial glycaemia and insulinaemia (measured after 3 h of food deprivation) were 28±9% (p<0.05) and 53±5% (p<0.002) lower in Il1rn −/− mice than in wild-type mice, respectively (Fig. 2a,b) . Hence, the insulin:glucose ratio was 31±6% lower in Il1rn −/− mice than in wild-type mice (p<0.005) (Fig. 2c) , which is compatible with the increased insulin sensitivity in this group of animals.
Effect of Il1rn deletion on pancreatic insulin content and islet morphology To determine if reduced insulin levels in
Il1rn-deficient mice were the result of a developmental beta cell defect, we measured insulin production by the pancreas. Although pancreatic weight normalised to body weight . In all panels, the bars represent means ± SEM for three to six animals was 9±4% lower in Il1rn −/− mice than in wild-type mice (p<0.05) (Fig. 3a) , the pancreatic insulin content was unchanged in Il1rn −/− mice compared with either heterozygous or wild-type mice (Fig. 3b) . Moreover, histological (Fig. 3c) and immunohistological (Fig. 3d) analysis of the pancreas revealed that the pancreatic islets of Il1rn −/− mice were similar to those of wild-type mice in terms of morphology, size and insulin store.
Effect of IL-1Ra on glucose homeostasis Following our previous observation that circulating IL-1Ra levels are chronically and markedly elevated in obese patients [11] , in the present study we assessed the effects of prolonged IL1Ra excess on glucose homeostasis and insulin sensitivity in rodents. We injected rats s.c. twice daily for 5 days with either saline (154 mmol NaCl/l) or rhIL-1Ra (6 mg/kg). No significant difference in body weight or food intake was observed between rhIL-1Ra-treated and control rats ( Table 2) . Basal glycaemia and basal insulinaemia were also similar in control rats and animals injected with rhIL-1Ra. However, the glucose infusion rate needed to maintain stable glycaemia during the euglycaemic-hyperinsulinaemic clamps was significantly decreased (by 24±4%, p<0.05) in animals treated with rhIL-1Ra, while the glycaemia after the clamps was similar in both groups (Table 2 and Fig. 4a ). Euglycaemic-hyperinsulinaemic clamps were then performed with [
14 C]glucose to determine Rd and Ra. Compared with control animals, basal Rd was decreased (p<0.05) by 21±8% in rhIL-1Ra-treated rats (Fig. 4b) . Similarly, insulin-stimulated Rd was 32±8% lower (p<0.05) in the treated group than in the control group (Fig. 4b) . During the clamps, Ra was similarly suppressed by insulin in both groups (results not shown).
Taken together, these results indicate that excess IL-1Ra reduced the sensitivity of peripheral tissues to insulin.
Effect of IL-1Ra on tissue-specific glucose utilisation Tissue-specific glucose utilisation was measured by the labelled 2-deoxy-D-[1- IL-1Ra treatment decreases whole-body insulin sensitivity and tissue-specific glucose uptake in rats. a Glucose infusion rate (GIR) was measured at the end of euglycaemic-hyperinsulinaemic clamps in control (open bar) and rhIL-1Ra-treated (black bar) rats. Rats were treated for 5 days with two s.c. injections per day of rhIL1Ra (6 mg/kg). Control animals were injected with saline (154 mmol NaCl/l). *p<0.05 vs control rats. b Rd was determined before and at the end of euglycaemic-hyperinsulinaemic clamps in the same groups of rats, using D-[U-
14 C]glucose as described in Materials and methods. *p<0.05 vs control rats. c The glucose utilisation index (GUI) was determined at the end of euglycaemichyperinsulinaemic clamps in the tibialis muscle of the same groups of rats, using 2-deoxy-D- [1- compared with that in controls. A trend towards a decrease in utilisation was also observed in the quadriceps and gastrocnemius muscles (results not shown). In contrast, insulin-stimulated glucose utilisation was unchanged in WATe (Fig. 4d ) and in the inguinal and perirenal WAT depots (results not shown). Hence, these results demonstrate a muscle-specific decrease in insulin sensitivity of rats treated with rhIL-1Ra.
Discussion
In this study we have shown that diet-induced obesity enhances the expression of Il1rn in mouse WAT. This observation is in line with our previous finding of a nearly 40-fold increase in levels of Il1rn mRNA in the WAT of ob/ ob mice with long-standing severe obesity [12] and a sevenfold increase in serum levels of IL-1Ra in obese humans [11] . Interestingly, the increase in Il1rn mRNA observed in WAT during diet-induced obesity is associated with a threefold increase in Il1r2 mRNA. This suggests that IL-1 signalling is downregulated in obesity, not only systemically, but also locally in WAT. Since IL-1 is known to enhance insulin action under certain conditions [26, 27] , it is possible that the decreased signalling of IL-1 contributes to obesity-associated insulin resistance. As previously reported [1] , we confirmed the increased expression of Tnf in the WAT from mice with diet-induced obesity, while no alteration of Il6 expression was found. This is in contrast to the previously reported overexpression of Il6 in the WAT of genetically obese ob/ob mice [28] , which, however, have a much more pronounced increase in fat mass than our model of diet-induced obesity.
Since we reported in our earlier human studies that IL1Ra serum levels are better correlated with insulin sensitivity than with BMI [11] , we used rodent models of IL-1Ra deficiency and excess to examine a possible causal relationship among IL-1, IL-1Ra and glucose homeostasis. Il1rn −/− mice showed a decrease in serum insulin levels, as well as a decreased insulin:glucose ratio, supporting the enhanced insulin sensitivity previously reported in these animals [18] . However, since IL-1 was previously shown to be toxic to islets [29, 30] , we examined whether there was any alteration in pancreatic insulin content and/or islet structure in Il1rn knockout mice. Since no obvious pancreatic or islet anomaly was found, it is likely that the normoglycaemichypoinsulinaemic status of the knockout animals reflects an increase in peripheral insulin sensitivity, as a result of a chronic unopposed IL-1 action.
The hypothesis that IL-1Ra is an insulin-desensitising factor was substantiated by the treatment of normal rats with rhIL-1Ra, which resulted in a decreased rate of glucose utilisation in both the basal and insulin-stimulated state during euglycaemic-hyperinsulinaemic clamps. The insulin resistance of rhIL-1Ra-treated rats was unrelated to hepatic glucose production, which was normally suppressed by insulin in both the controls and the rhIL-1Ra-treated animals. The finding that IL-1Ra leads to insulin resistance in rats is in keeping with our earlier clinical observation that serum IL-1Ra levels are positively correlated with insulin resistance in obese humans (r 2 =0.58) [11] . Interestingly, the glucose utilisation index of insulin-sensitive tissues was selectively decreased in the skeletal muscle of rhIL-1Ra-treated rats. The reason for this tissue-specific effect remains to be elucidated. However, the observed reduction in global Rd is well explained by the reduction in 2-deoxy-D- [1- 3 H]glucose uptake into muscle cells. These observations are in agreement with previous pharmacological studies demonstrating that the chronic administration of IL-1 to rodents induces hypoglycaemia, probably due to increased glucose transport into tissues to increase the energy supply to tissues during high metabolic demands [31] [32] [33] . Further investigations are required to understand the crosstalk between IL-1 and insulin signalling at the cellular and molecular level, and to determine whether phosphatidylinositol-3-kinase, which participates in IL-1 and insulin signalling, is implicated. While the principal aim of this study was to examine the metabolic impact of excess IL1Ra as it is observed in human obesity, clamp studies in IL1Ra-deficient mice would be useful to validate these findings.
In conclusion, we have shown that the expressions of Il1rn and Il1r2, the decoy receptor, are strongly upregulated in WATe after high-fat feeding, and the extent of upregulation is proportional to body weight. Moreover, excess IL-1Ra leads to impaired glucose uptake in skeletal muscle. These results support the hypothesis that IL-1Ra provides a functional link between obesity and insulin resistance.
